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A simple solution-based oxidative process and subsequent chemical activation combination method has 
been developed to prepare edge-enriched porous graphene nanoribbons (GNRs) as a high-performance 
electrode material for supercapacitors. The precursor aligned carbon nanotubes are cut longitudinally 
and unzipped by a modified Brodie method to form tube-like GNRs with abundant edges. The 
intermediate GNRs were subsequently chemically activated using KOH to generate a suitable porosity 
and create more edge sites. These edge sites contribute a larger capacitance than the basal plane of 
graphene and the nanopores facilitate the fast immigration of ions. As a result, the edge-enriched GNRs 
exhibit a capacitance uptake per specific surface area almost two times higher than that of conventional 
activated graphene sheets, which gives rise to the high energy density of the porous GNR electrode. The 
highly efficient utilization of the edge planes and easy, low-cost scale-up production will make porous 


GNRs potentially applicable to high-performance supercapacitors. 


Introduction 


As a result of climate change and the decreasing availability of 
fossil fuels, various efforts have been made to develop 
sustainable and renewable resources for automobiles with 
stringent emission regulations. As new forms of energy 
generation, such as solar and wind power, are being developed 
throughout the world, fast and efficient energy storage systems 
have begun to play significant roles in our daily lives. Super- 
capacitors can store and deliver energy by simple charge 
separation and have attracted attention in a variety of appli- 
cations.‘ Unfortunately, their relatively low energy density 
cannot meet the higher requirements of electrical systems 
ranging from portable electronics to hybrid electric vehicles 
and large industrial equipment. Much work has been carried 
out to develop electrode materials using various types and 
forms of carbon materials (such as activated carbon,” carbon 
fiber,* carbide-derived carbons,* and carbon nanotubes’) to 
improve the performance of supercapacitors. However, the 
reported results are still insufficient for practical applications 
because of their limited energy density. In addition, previous 
work has mainly focussed on the development of carbon 
materials with a high specific surface area (SSA) to obtain a 
high specific mass energy density (W h kg). In fact, the 
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specific volumetric energy density (W h 17+) is of prime 
importance for practical applications, as space for the power 
unit is always limited. The volumetric capacitance is mainly 
affected by the packing density of the electrode materials and 
the effective surface area that is utilized to contribute to the 
capacitance. Therefore increasing the efficiency of the capac- 
itance uptake per unit volume and SSA is very important in the 
development of electrode materials. 

Graphene, a two-dimensional carbon material consisting of 
a single layer of sp? hybridized carbon atoms, has been 
considered as a promising candidate electrode material for 
supercapacitors as a result of its large SSA, high electrical 
conductivity, and excellent electrochemical stability.” In prac- 
tice, however, there are still some obstacles that hinder the wide 
application of graphene in supercapacitors. One major problem 
is that graphene nanosheets restack easily, which causes a 
serious decline in the electrochemical performance.’“* 
Furthermore, the low packing density (as low as ~0.005 g cm~?) 
is another drawback of graphene. Numerous efforts have been 
made to solve these issues.° Of these, the preparation of acti- 
vated graphene by the activation of reduced graphene oxide 
with KOH is an effective approach. It has been found that the 
activation process etches graphene sheets to generate a 
continuous 3D network of pores and that the SSA of the acti- 
vated sample can reach up to 3100 m° ¢ *.° Significantly, the 
packing density of activated graphene can be maintained at a 
relatively high level. However, the reported capacitance is lower 
than expected.” There is still much potential for an improve- 
ment in the efficiency of capacitance uptake per unit volume 
and SSA for activated graphene by generating extra active sites 
for the formation of electrochemical double layers. 


It is well known that the edges of graphene sheets exhibit 
higher capacitance than the basal plane.’”’? Recently, Yuan 
et al.* determined that the graphene edge has a specific 
capacitance four orders of magnitude higher than that of the 
basal plane. This was mainly ascribed to the abundant dangling 
bonds on the edges, which are unstable and facilitate the 
adsorption of ions from the electrolyte to form electrochemical 
double layers. Thus it is highly desirable to develop edge- 
enriched graphene to achieve a higher capacitance. One- 
dimensional graphene nanoribbons (GNRs) are intrinsically 
abundant in edge sites, which impart this unique type of gra- 
phene with an inherent advantage in the application of super- 
capacitors. Cutting and unzipping carbon nanotubes (CNTs) is 
an effective and controllable approach to obtain GNRs with 
narrow and well-defined widths. Wang et al.™ reported the 
oxidation of CNTs by the Hummers method and subsequent 
reduction with NaBH, to achieve curved GNRs. The GNRs show 
a higher capacitance than pristine CNTs. However, the SSA of 
GNRs is only 85 m? g~t, despite the large number of edges, and 
their electrochemical performance needs further improvement. 
Thus further efforts are needed for the development of edge- 
enriched GNRs with a larger SSA and more abundant porosity to 
improve the specific capacitance. 

Chemical activation is an effective way to generate porous 
graphene with a large SSA. Chemically activated GNRs with a 
high porosity and abundant edge sites are presented here as a 
high-performance electrode material for supercapacitors. The 
results indicate that CNTs have been successfully unzipped and 
activated into edge-enriched and porous GNRs. The edges can 
not only function as an entrance for the ions to migrate into 
inter-particle pores, but also make a large contribution to the 
capacitance. A high energy density was achieved for the edge- 
enriched and porous GNRs, which make this new graphene- 
based electrode material potentially applicable to high-perfor- 
mance supercapacitors. 


Experimental 
Sample preparation 


The CNTs used here have a length of 10-20 um and a diameter 
of 15-20 nm (ESI, Fig. S1+) and were prepared in a fluidized bed 
reactor by chemical vapor deposition. The GNRs were synthe- 
sized by a two-step process using CNTs as the precursor. In the 
first step, CNTs were oxidized following a modified Brodie 
method. Typically, 2 g of CNTs, 35 g of sodium chlorate, and 
90 ml of fuming nitric acid were mixed at room temperature and 
subsequently stirred for 24 h. The mixture was then stirred at 60 
°C in a water bath for 24 h and then washed and filtered. After 
drying under vacuum, oxidized CNTs (O-CNTs) were obtained as 
a brown to black powder. The O-CNTs were reduced by heat 
treatment at 600 °C for 30 s in argon. The porous GNRs were 
prepared as follows: 1.0 g of GNRs were mixed with KOH at a 
weight ratio of 1 : 8 and were chemically activated at 850 °C for 2 
h in an argon atmosphere. The obtained sample was washed 
with 15 wt% HCl solution and then washed to neutral with 
deionized water. Finally, the sample was dried at 120 °C for 12 h 
and 0.45 g of product was obtained. 


Structural characterization 


The as-prepared samples were characterized by a Hitachi S-4800 
field emission scanning electron microscope and an FEI Tecnai 
G? F20 transmission electron microscope. The nitrogen sorp- 
tion isotherm (BET) was recorded by a Micromeritics ASAP-2020 
M nitrogen adsorption apparatus. A pore size distribution plot 
was obtained by the Barrett-Joyner-Halenda method. Powder 
X-ray diffraction (XRD) measurements were analyzed by an AXS 
D8 Advance diffractometer (Cu Ka radiation; receiving slit, 
0.2 mm; scintillation counter, 40 mA; 40 kV) from Brucker Inc. 
X-ray photoelectron spectra were recorded by an AXIS 
ULTAR”!” spectrometer from Kratos. Raman spectroscopy 
plots were obtained by a Renishaw inVia Reflex confocal 
microscopy Raman spectrometer (laser wavenumber 532 nm). 


Electrochemical tests 


The evaluation of electrochemical performance was carried out 
in CR2032 coin cells; EMIMBF, was used as the electrolyte. For 
the assembly of the supercapacitors, pellets of the same mass 
were selected. The working electrode contained 90 wt% prod- 
ucts and 10 wt% polyvinylidene fluoride. The electrochemical 
performance was characterized by cyclic voltammetry (CV) and 
electrochemical impedance spectrometry (EIS) using a Solar- 
tron Instrument Mode 1470E electrochemical workstation at 
room temperature. The CV curve and specific capacitance were 
measured under different scan rates of 0-200 mV s * between 
0 and 3.5 V. 


Results and discussion 


In our synthesis, the Brodie method’® was selected to cut and 
unzip CNTs to prepare GNRs instead of the conventional 
Hummers method, as its oxidative process is mild and the 
product is stable with low contamination. The preparation 
process involved oxidation with a modified Brodie method and 
thermal annealing reduction (Fig. 1a). SEM and TEM were used 
to characterize the ribbon structure. As shown in the high- 
resolution SEM image (Fig. 1b), after oxidation and thermal 
reduction, it is clearly observed that most of the pristine CNTs 
were successfully cut and unzipped along the longitudinal 
direction. Compared with the pristine CNTs, the width of the as- 
prepared unzipped product increases. Moreover, the product 
still exhibits an opened tube-like structure. The high-resolution 
TEM image (Fig. 1c) further confirms that the CNTs were 
longitudinally unzipped. The GNRs obtained display a typical 
ribbon-like structure with a smooth surface and consist of 
several graphene layers (the areas marked by out by red dots). 
The GNRs were then chemically activated with KOH and the 
structure of the final product is shown in Fig. 1d and e. 
Although the final product still maintains a ribbon-like struc- 
ture (Fig. 1d), the surface of the activated GNRs is obviously 
rougher than that of the intermediate GNRs. In particular, we 
can observe a nanoporous structure in the high-resolution TEM 
image (Fig. 1e), similar to the porous graphene activated by 
KOH reported previously,’ indicating that this activation 
process is able to etch graphitic layers to form a porous 


201705.00246v1 


chinaXiv 


(a) Fuming HNO, + NaClO, 
Chemicalattack 


sees 
Thermal annealing $ 
reduction 3 


Chemical 
activation 


Porous graphene 
nanoribbons 


Sam 


Fig. 1 (a) Schematic illustration showing the process of synthesizing 
edge-enriched porous GNRs. (b) SEM image and (c) high-resolution 
TEM image of intermediate GNRs. (d) Low magnification and (e) high- 
resolution TEM images of porous GNRs. 


structure. The etched pores not only have a role as ion diffusion 
channels, but also as active sites for the enhancement of 
capacitance because of the pore edges. The porous GNRs exhibit 
slightly serrated edges, originating from a combination of 
oxidation and chemical activation. Compared with GNRs, the 
porous GNRs still consist of several graphene layers; however, 
the stacking of the graphene layers in porous GNRs is much 
more disordered and the interplanar spacing is about 0.39 nm 
(Fig. 1e). 

Fig. 2a shows the XRD patterns of the pristine CNTs, O-CNTs 
and the thermally reduced GNRs. After the oxidative reaction, 
the (002) peak position of CNTs moves significantly to a lower 
angle, corresponding to a d-spacing value of 8.40 A, indicating 
that a radical expansion of the interlayer distance takes place 
during the oxidation process. This can be ascribed to the 
presence of oxygen functional groups on the basal plane of the 
graphene layers in O-CNTs. XPS was further applied to assess 
the structures of the oxygen functional groups in O-CNTs 
(Fig. 2b). The C1s spectra can be deconvoluted into four peaks. 
The peaks at binding energies of ~284.6, ~286.6, ~287.8, and 
~288.9 eV can be attributed to the sp” C-C, C-OH, C=O, and 
COOH groups, respectively.” The area percentage of each peak, 
which corresponds to the content of these four C species (48.8, 
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Fig. 2 (a) XRD patterns of the pristine CNTs and O-CNTs, and the 


thermally reduced GNRs. C1s XPS spectra of (b) O-CNTs, (c) reduced 
GNRs, and (d) porous GNRs. All XPS spectra are convoluted into four 
peaks corresponding to the sp? C-C, C-OH, C=O, and COOH 
groups. 


36.6, 10.3, and 4.3%, respectively) is summarized in Table 1. It 
should be mentioned that the O-CNTs also possess an epoxy 
group (C-O-C), which has a binding energy similar to that of C- 
OH." The calculated atomic ratio of C/O in O-CNTs is 2.6, which 
is higher than that of graphene oxide produced by the 
Hummers method, indicating that the Brodie method is a mild 
oxidative process. After thermal reduction, the GNRs exhibit a 
weak and broad diffraction peak around 25.2° and the peak at 
10.4° for O-CNTs has completely disappeared (Fig. 2a). The d- 
spacing value decreases to 3.5 A after thermal reduction. It is 
slightly larger than that of pristine CNTs (3.4 A), indicating the 
presence of residual oxygen functional groups or other structure 
defects, which is further confirmed by XPS (Fig. 2c). Most 
oxygen functional groups were removed during the annealing 
treatment. By peak deconvolution, it can be clearly seen that the 
content of C-OH and C=O decreases dramatically, whereas the 
content of graphitic carbon increases. However, in comparison 
with O-CNTs, the COOH content in reduced GNRs increases 
from 4.3 to 13.6%, which is probably due to the oxidative 


Table 1 XPS data of Cís of O-CNT, GNR, and porous GNR decon- 
voluted peaks: binding energies and relative area percentages (in 
parentheses) 


Sample C-C C-OH c=0 COOH 
O-CNT 284.6 (48.8) 286.6 (36.6) 287.8 (10.3) 288.9 (4.3) 
GNR 284.6 (66.5) 286.0 (13.1) 287.0 (6.8) 289.3 (13.6) 
Porous GNR 284.6 (66.4) 285.7 (8.3) 286.8 (9.8) 290.1 (15.5) 


reaction which occurred during the annealing treatment 
because of trace amounts of O, in the furnace. The oxygen 
functional groups are further removed during chemical activa- 
tion at 850 °C (Fig. 2d) and the O content is reduced to only 0.68 
wt%. However, the content of sp” C-C is nearly the same as that 
of GNRs, which indicates that the number of defect sites (non- 
sp” C-C) increases after chemical activation. 

Raman spectroscopy was used to further investigate the 
structures of CNTs, GNRs, and porous GNRs (Fig. 3a). The D 
band mainly results from the structural defects or edges on the 
graphene sheets. After thermal reduction, although most of the 
oxygen functional groups were removed and the conjugated 
graphite network was partially re-established, as reflected by the 
XPS results, the intensity ratio of the D band to the G band 
(Ip/Ig) increases from 0.72 to 0.87 (Fig. 3b), indicating that 
oxidation and reduction cause a number of defects and edge 
sites during the cutting and unzipping process. The Jp/Ig ratio 
further increases to 0.95 after the GNRs were activated by KOH, 
which is mainly contributed by the generation of defects during 
chemical activation. In this case, the increased degree of defects 
is probably due to the increased number of edge sites from 
KOH-generated pores. These defects and edge sites favor the 
enhancement of capacitance. 

The nitrogen adsorption/desorption isotherms of the inter- 
mediate GNRs and as-prepared porous GNRs exhibit type IV 
isotherms according to the IUPAC classification (Fig. 4). A 
hysteresis loop can be observed, suggesting the presence of 
mesopores, which can facilitate the rapid transport and 
migration of electrolyte ions during the charge/discharge 
process. It is worth noting that the Brunauer-Emmett-Teller 
SSA of GNRs (262 m°? g™*, calculated in the linear relative 
pressure range 0.1-0.3) is nearly twice as high as pristine CNTs 
(146 m? ¢*), indicating that the CNTs were almost completely 
cut and unzipped, but still retained the stacked structure of 
graphene layers. Furthermore, the SSA was significantly 
increased to 1249 m? g * after chemical etching by KOH, which 
is close to the theoretical value of single-walled CNTs. The large 
SSA enhancement suggests that chemical activation is an effi- 
cient way to etch pores and increase the content of defective and 
edge sites. According to the EDLC energy storage mechanism 
and the important role of edges, the porous GNRs obtained will 
further boost the capacitive performance. 
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Fig. 3 (a) Raman spectra of CNTs, GNRs and porous GNRs at a 


wavelength of 532 nm and (b) the ratio of D band intensity to G band 
intensity of each sample. 
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Fig. 4 Nitrogen adsorption/desorption isotherms for CNTs, GNRs, 
and porous GNRs. 


CV is mostly used as a tool to characterize capacitive 
behavior and to quantify the specific capacitance of an electrode 
material. Fig. 5 shows the CV curves of pristine CNTs, GNRs, 
and as-prepared porous GNRs at a scan rate of 20 mV s_* within 
a potential range of 0-3.5 V in the EMIMBF, electrolyte. Both CV 
curves have a nearly rectangular shape, indicating that CNTs 
and porous GNRs are stable in this potential window. To 
quantitatively compare the capacitance performance of these 
electrode materials, the values of specific capacitance C, (F g~') 
were calculated according to the following equations:*° 


Ceen — 


-yr = a |. IV) av (1) 


C; — 4 Ceen (2) 


where Ceen is the specific capacitance of the coin cell (F g~*), m 
is the total mass of the two electrodes (g), v is the scan rate 
(mV s™*), (Ve — Va) represents the sweep potential range (V), and 
I(V) denotes the response current (A g *). The specific capaci- 
tance of pristine CNTs is only 19 F g *. In contrast, the specific 
capacitance of GNRs can reach up to 56 Fg *, more than twice 
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Fig. 5 CV curves of pristine CNTs, intermediate GNRs, and porous 
GNRs at a scan rate of 20 mV s™* within a potential range of 0-3.5 V. 


the value of CNTs, which is mainly ascribed to the abundant 
edges. More significantly, the specific capacitance of porous 
GNRs is calculated to be 108 F g`™*, which is far higher than 
those of CNTs and GNRs, suggesting that unzipping and 
chemical activation is an effective approach for improving the 
capacitive performance of CNTs. 

Fig. 6a shows the CV curves of a porous GNR electrode at 
different scan rates ranging from 1 to 200 mV s™* within a 
potential range of 0-3.5 V in an ionic liquid electrolyte. All the 
CV curves exhibit a nearly ideal rectangular shape, indicating 
that the specific capacitance primarily originates from the 
double-layer capacitance based on ion adsorption/desorption. 
The shape of the CV curves does not change markedly as the 
scan rate is increased from 1 to 200 mV s™+, which results from 
the fast charge transfer within the porous GNR electrode due to 
its completely exposed surface and suitable pore size. Fig. 6b 
shows the specific capacitance of porous GNRs at different scan 
rates. The specific capacitance is 130 F g* at a scan rate of 1 mV 
s_', which is close to the reported result for activated gra- 
phene.* Increasing the scan rate further results in a decrease in 
the specific capacitance as a result of the mass transfer limita- 
tion of ions inside porous GNRs at high currents. However, the 
specific capacitance is still higher than 80 F g~* at a high scan 
rate (200 mV s *). 

EIS analysis is one of principal methods of examining the 
fundamental behavior of electrode materials for super- 
capacitors. The Nyquist plot is shown in Fig. 6c. The impedance 
spectrum is composed of one small semicircle in the high 
frequency region and is followed by a nearly linear part in the 
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Fig.6 (a) CV curves of porous GNR electrode at different scan rates 
within a potential range of 0-3.5 V in an ionic electrolyte. (b) Specific 
capacitance at different scan rates. (c) Nyquist plot of the porous GNR 
electrode. (d) Ragone plot of porous GNR electrode in an ionic 
electrolyte. 


low frequency region. This semicircle is probably related to the 
resistance between porous GNR particles and the interface 
resistance of the active material/collector. The small semicircle 
in the high frequency region shows good electrical contact 
between the porous GNR particles.” The slope of the 45° 
portion of the curve is the Warburg resistance and is a result of 
the frequency dependence of ion diffusion in the electrolyte to 
the electrode interface. The equivalent series resistance 
(the intercept at the Z’-axis) is about 1.08 Q, which is a low value 
for an ionic liquid electrolyte. The equivalent series resistance 
data determines the rate at which the supercapacitor can be 
charged/discharged and is an important factor in determining 
the power density of a supercapacitor. The energy density of the 
GNR electrode is then calculated according to eqn (3) and the 
power density is calculated by dividing the energy density by 
the discharge time: 


1 

E==CU? (3) 
2 
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Ídischarge 


where F is the energy density (W h kg~*), U is the potential (V), 
and P is the power density (W kg _'). The Ragone plot of porous 
GNRs is shown in Fig. 6d. The maximum energy density is 
55.2 W h kg™* (at a power density of 56.8 W kg *). For a pack- 
aged supercapacitor device for commercial use, the energy 
density is commonly estimated to be ~1/3 of that of the elec- 
trode materials. Thus the energy density of the porous GNR- 
based supercapacitor device is estimated to be ~18 Wh ke *. 
This value is much higher than that of current state-of-the-art 
commercial supercapacitors (5-7 W h kg’ *), indicating that this 
material has a competitive advantage in potential 
supercapacitors. 

To further investigate the important role of graphene edges 
in energy storage for supercapacitors, activated graphene with a 
2D sheet-like structure was prepared for comparison with the 
porous GNRs. The detailed experiments can be found in the 
ESI.t The activated graphene obtained exhibits a wrinkled 
nanosheet morphology with a thickness of tens of nanometers 
and a width in the range of several to tens of micrometers 
(Fig. S2b and ct). The high-resolution TEM image (Fig. S2dt) 
shows that the same chemical activation process can also etch 
the graphene sheets to form mesopores, the size of which 
ranges from 5 to 20 nm. The nitrogen adsorption/desorption 
isotherms and pore size distribution (Fig. $3+) further confirm 
the presence of mesopores. The as-prepared activated graphene 
has a high BET SSA of 2450 m? g *, which is close to the theo- 
retical value of graphene (2630 m? g~*) and is twice the value of 
porous GNRs. In comparison with activated graphene, the 
relatively low SSA of porous GNRs can probably be ascribed to 
two reasons. Firstly, the degree of activation is affected by the 
crystallinity of the carbon precursor. A carbon precursor with 
low crystallinity is easily activated to form the porous struc- 
ture.” The crystallinity of intermediate GNRs is higher than that 
of reduced graphene oxide produced by the Hummers method. 
Secondly, the porous GNRs derived from CNTs have a slightly 


higher thickness than that of the activated graphene, also due to 
the lower oxidative degree of the Brodie method compared with 
the Hummers method. 

The specific capacitance per unit weight and SSA as a func- 
tion of scan rate for porous GNRs and activated graphene are 
compared in Fig. 7. All the capacitance results were obtained by 
CV measurements at different scan rates in the range 0-200 mV 
s * between 0 and 3.5 V. As shown in Fig. 7a, at low scan rates 
the specific capacitances per unit weight of both electrodes are 
almost the same, although the SSA of porous GNRs is only half 
that of activated graphene. With respect to the capacitance per 
unit SSA (Fig. 7b), the difference between the two electrodes is 
more remarkable. Overall, the porous GNR electrode showed a 
capacitance per SSA twice that of the activated graphene elec- 
trode. The specific capacitance of porous GNRs can reach up to 
~10.38 pF cm ~ at low scan rates, which is higher than that of 
the reported result for activated graphene (5.35 uF cm ~*).?° It is 
known that, at low scan rates, electrolyte ions can enter into 
micropores by removing the solvation shell. Under this condi- 
tion, almost all of the electrode surface or active sites could be 
fully utilized, which could reveal the true energy storage 
capacity of electrode materials. 

Considering that both porous GNRs and activated graphene 
have almost the same chemical composition, the high capaci- 
tance of porous GNRs with a relatively low SSA is mainly 
ascribed to their unique ribbon-like nanostructure with abun- 
dant edges. The exposed edges have a higher ability to accu- 
mulate charges than the basal planes in graphene, therefore the 
numerous active edge sites in GNRs provide an extra capaci- 
tance that compensates for the insufficiency of its SSA. For both 
porous GNRs and activated graphene electrodes, the specific 
capacitance decreases with increasing scan rate due to the mass 
transfer limitation of ions inside the porous graphene 
composite at high current densities. However, the rate of 
decrease of porous GNRs is much less significant than that of 
activated graphene. It is mainly due to the quasi-one-dimen- 
sional nanostructure of porous GNRs, which can reduce the ion 
diffusion pathway significantly compared with the bulk acti- 
vated graphene sample and that can improve the performance 
rate at high current densities. 

Broadening the potential window is one important approach 
to improving the energy density of supercapacitors as the energy 
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Fig. 7 Comparison of specific capacitance as a function of scan rate 
between porous GNRs and activated graphene. (a) Specific capaci- 
tance per unit weight and (b) specific capacitance per SSA. 


density is proportional to the cell voltage cubed.” Nevertheless, 
a high cell voltage demands stringent requirements for elec- 
trode materials. Unlike activated carbon, which is unstable at 
high voltages (above 3 V),* porous GNR is considered to be an 
outstanding candidate electrode material for supercapacitors at 
high cell voltages due to its stable chemical properties.°”* In 
addition, the modified Brodie method and facile industrialized 
chemical activation process used in this work can be easily 
scaled up to obtain large-scale porous GNRs, which is important 
in preparing high-performance supercapacitor electrode mate- 
rials at low cost. 


Conclusions 


In summary, edge-enriched porous GNRs derived from aligned 
CNTs have been fabricated by a modified Brodie method and 
subsequent chemical activation using KOH. The results indi- 
cate that pristine CNTs have been successfully cut and unzipped 
into ribbon-like graphene sheets. Chemical activation is an 
effective approach to generating suitable porosity and to 
creating edge sites. The porous GNRs obtained exhibit a unique 
quasi-one-dimensional nanostructure, combining a relatively 
high SSA (1249 m?’ g~*) and abundant edge sites. Significantly, 
these edge sites contribute a larger capacitance than that of the 
basal plane of graphene and the nanopores facilitate a fast 
immigration of ions. The edge-enriched GNRs exhibit a capac- 
itance uptake per specific surface area almost two times higher 
than that of conventional activated graphene sheets. As a result, 
a high energy density (55.2 W h kg’) and good rate capability 
were achieved for the supercapacitor using porous GNRs as the 
electrode materials. The highly efficient utilization of the edge 
sites and easily scaled-up production at low cost make porous 


GNRs potentially applicable in high-performance 
supercapacitors. 
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